Background: An association between prenatal diethylstilbestrol (DES) exposure and cancer in men, especially testicular cancer, has been suspected, but findings from case-control studies have been inconsistent. This study was conducted to investigate the association between prenatal DES exposure and cancer risk in men via prospective follow-up. Methods: A total of 3613 men whose prenatal DES exposure status was known were followed from 1978 through 1994. The overall and sitespecific cancer incidence rates among the DES-exposed men were compared with those of the unexposed men in the study and with population-based rates. The relative rate (RR) was used to assess the strength of the association between prenatal DES exposure and cancer development. All statistical tests were two-sided. Results: Overall cancer rates among DES-exposed men were similar to those among unexposed men (RR = 
In 1971, Herbst et al. (1) reported an association between in utero exposure to diethylstilbestrol (DES) and the subsequent development of clear cell adenocarcinoma of the vagina among female offspring. Although DES-exposed daughters and their mothers have been studied extensively (1) (2) (3) (4) (5) (6) (7) , only a few studies have addressed the health of DES-exposed sons. These studies have focused on the subsequent development of genitourinary anomalies or neoplasms, and only the development of benign epididymal cysts has been documented consistently in DES-exposed men (3, (8) (9) (10) (11) (12) . Four casecontrol studies (13) (14) (15) (16) have provided evidence of testicular cancer among men prenatally exposed to either DES or estrogen analogues. This association could, however, be due to differential recall of DES exposure by the subjects or their mothers subsequent to a diagnosis of cancer. Furthermore, two other case-control studies (17, 18) failed to identify any association between prenatal DES exposure and testicular cancer risk.
DES is a nonsteroidal estrogen, and maternal DES use increases fetal estrogen exposure and, possibly, the risk of testicular cancer as well. Other prenatal or perinatal factors that may reflect estrogen levels during pregnancy (19) (20) (21) (22) have also been associated with testicular cancer. Elevated testicular cancer rates have been reported among men who were members of twin pairs (23) , whose mothers experienced severe nausea while pregnant with them (24) , who had neonatal jaundice (25) , who were their mothers' early pregnancies (19, 26) , who had either low or high birth weight (25, 27) , who were born prematurely (17) , and who were born to older women (28) . Men whose mothers experienced pre-eclampsia while pregnant with them experienced decreased cancer rates (25) .
The purpose of this study was to determine and to compare rates of testicular and other cancers among DES-exposed and unexposed men who were followed in a prospective study. Elevated testicular cancer rates among DES-exposed men would lend support to the hypothesis that increased fetal estrogen exposure contributes to testicular cancer development. This report describes the results of the first 16 years of follow-up of this cohort. [WHS] [Boston; Portland, ME; and Hanover, NH]) whose prenatal DES exposure status is known, were included in this study (Table 1) . Exposed men in the Mayo Clinic cohort were identified in the late 1970s by a medical record review. This review indicated that, among all women receiving prenatal care at the Mayo Clinic from 1940 to 1960, a total of 813 males were born to women who had taken DES at some time during that pregnancy (29) . In 1978, a subset of these exposed men was examined for genitourinary anomalies (8) . A sample of 734 men whose medical records contained no evidence of any exogenous hormone exposure during gestation was drawn from the remaining births at the Mayo Clinic and matched to the subset of examined DES-exposed men by birth date, maternal age, birth order, and maternal residence (8) . In all, 754 exposed and 724 unexposed men identified from the Mayo Clinic were alive, cancer free, and eligible for follow-up from 1978 through 1994.
SUBJECTS AND METHODS

Study Participants
The Dieckmann cohort includes more than 800 men whose mothers, while pregnant with them, participated in a trial conducted in the early 1950s to examine the efficacy of DES in preventing miscarriages (30) . From 1974 to 1976, a total of 309 (73%) of the DES-exposed and 302 (71%) of the unexposed men were examined for adverse health outcomes, including genital abnormalities (9) . The last contact with this cohort before 1994, the end of the current follow-up, was during a mail questionnaire survey in 1991 (10) .
The Horne cohort consists of 400 exposed men and 290 of their unexposed brothers whose mothers were treated during pregnancy by an infertility specialist in the Boston area. The Horne cohort was assembled in the mid-1970s, and exposed and unexposed men were mailed yearly questionnaires through the 1980s. The data from this cohort have not been analyzed previously.
The WHS cohort consists of 477 DES-exposed and 904 unexposed men whose mothers participated in a study to investigate the association between DES use and maternal breast cancer risk (4) . Women enrolled in the WHS were contacted for their permission to enroll their sons in the current follow-up study. Heretofore, no follow-up has been conducted on men borne to WHS participants.
Follow-up
The first systematic follow-up of all four cohorts occurred in 1994. Men were identified as potential participants in this study based on either previous follow-up efforts or, in the case of the WHS cohort, tracing efforts through their mothers. Potential participants were then mailed questionnaires requesting information about their health history and cancer risk factors. If the questionnaire was not returned within 3 weeks, another was mailed. If the second questionnaire was not returned, the potential participant was contacted by telephone, and a trained study assistant verbally administered the questionnaire.
Some men (n ‫ס‬ 853) were not included in the 1994 follow-up. They had died before 1978, the start of the current follow-up (n ‫ס‬ 145); they could not be located (n ‫ס‬ 178); they were unwilling to participate during previous follow-ups (n ‫ס‬ 176); or their mothers denied permission to contact them (n ‫ס‬ 354) ( Table 1) . Follow-up of the 48 men who died from 1978 through 1994 was conducted by reviewing their death certificates for reference to cancer development. Medical records and pathology reports were requested from all participants who reported any cancer diagnosis. The pathologist associated with this study (S. J. Robboy) independently reviewed specimens of all reported germ cell cancers.
All men participating in this follow-up provided informed consent in accordance with the policies of institutional review boards at the National Cancer Institute (Bethesda, MD) and the respective recruiting centers.
Statistical Analysis
Cancer incidence in the DES-exposed men was internally compared with that in the unexposed men and externally compared with national incidence rates. Unexposed men began person-year accrual in this study on January 1, 1978, because they were identified in the late 1970s. Person-time accrual continued until the date of the first cancer diagnosis, the date of the last known follow-up conducted by the individual study centers, or the date of response to the 1994 questionnaire. For the internal comparison, person-year accrual for the DES-exposed men also began in 1978, but because they had follow-up information from birth, their person-year accrual started at birth when cancer incidence was compared externally with national rates.
Information on most cancer covariates was obtained either from the 1994 questionnaire or, for those men who did not respond to the 1994 questionnaire, from previous follow-up data. For the internal comparison of site-specific cancer rates, birth year and age were considered to be potential confounders. For the analysis of total cancer incidence in the internal comparison, educational level and smoking and alcohol habits were also considered to be potential confounders. Additional information that was available only for the men in the Mayo Clinic cohort was included in the analysis of the association between DES exposure and testicular cancer risk within this cohort. This information includes birth weight, pregnancy order, maternal breast cancer history, and history of cryptorchidism, which some studies (14) (15) (16) 19, (25) (26) (27) have independently associated with testicular cancer risk. DES was commonly prescribed to prevent threatened miscarriages that were, in some instances, presaged by vaginal bleeding. Vaginal bleeding could possibly indicate, as well, abnormal fetal development such as testicular malformation. Vaginal bleeding was, therefore, controlled in the analysis of DES *Availability for follow-up excludes men who died before 1978 and those who could not be contacted (untraceable or their mothers denied permission to contact). †Participation consisted of either completion of 1994 questionnaire or death certificate review of deaths from 1978 through 1994. ‡Participation rate was calculated by dividing the number of participants by the total number of men available for follow-up after 1978. §Overall follow-up rate was calculated by dividing the number of participants by the total number of identified men.
exposure and testicular cancer among men in the Mayo Clinic cohort. The effect of gestational age of DES exposure on testicular cancer risk was analyzed by including as exposed only those men whose exposure began in the first trimester of their mothers' pregnancies.
Relative rates (RRs) were used to summarize the comparison of cancer rates between DES-exposed and unexposed men. Standardized incidence ratios (SIRs) summarized the comparison of cancer rates between the DES-exposed men in this study and the national cancer rates. The national cancer rates used in the SIR determinations were based on those obtained from the Connecticut Tumor Registry (before 1970) and the Surveillance, Epidemiology, and End Results 1 (SEER) registry (from 1973 through 1994). The SIRs were adjusted for age and year of birth. RRs, adjusting for all covariates, were determined by Poisson regression modeling (31) by use of SAS Proc GENMOD (32) . The exact 95% confidence intervals (CIs) associated with the effect estimates and exact two-tailed P values were determined by use of StatXact 4 for Windows (33) .
RESULTS
Participation Rates
The total participation rate for all four cohorts combined (including men who responded in 1994 and men who died after 1978) was 76.4% overall-79.9% for the DES-exposed men and 73.2% for the unexposed men. The overall participation rates for the individual cohorts were 85% for the Mayo Clinic, 64% for Dieckmann, 86% for Horne, and 67% for the WHS (Table 1) .
Among the four study cohorts, a total of 49 cancer cases (28 in the DESexposed men and 21 in the unexposed men) were identified by either questionnaire response or death certificate review. Five of the DES-exposed men were diagnosed with cancer before 1978, and the remaining 44 were diagnosed from 1978 to 1994. Of the 49 cases, 38 were reported on the 1994 follow-up survey, and 11 cases, including one of testicular cancer, were detected by reviewing death certificates. Pathology reports were sought for all identified cases and were obtained for all but seven of the cancer cases. Because all but one of the pathology reports obtained confirmed the presence of the reported cancer, we include 48 identified cancers in the tables presenting overall cancer rates.
Covariate Distribution
Among the 2759 men participating in the 1994 follow-up, there were no appreciable differences between the DESexposed and unexposed men in the total cohort with respect to length of follow-up, maternal age, mortality after 1978, race, or smoking. More DES-exposed men, however, had completed 4 years of college (60.8% DES-exposed versus 52.3% unexposed men; P ‫ס‬ .001) and regularly consumed alcoholic beverages (88.2% DES-exposed versus 85.2% unexposed men; P ‫ס‬ .025) ( Table 2) . Within the Mayo Clinic cohort, there was no appreciable disparity between the DES-exposed and unexposed men in the percentage of men with a history of cryptorchidism or whose mothers had a history of breast cancer. DES-exposed men in the Mayo Clinic cohort, however, were less likely to weigh more than 4000 g at birth (P ‫ס‬ .04) and were more likely to be their mother's second or later pregnancy (P ‫ס‬ .001) and to have mothers who had experienced vaginal bleeding when pregnant with them (P ‫ס‬ .001).
External Comparison
The overall rate of cancer in DESexposed men within the entire study population was not increased compared with the national rate among men of similar age and race. This comparison is based on 27 cases of cancer reported for all sites (SIR ‫ס‬ 0.99; 95% CI ‫ס‬ 0.65 to 1.44; P ‫ס‬ .94) ( Table 3 ). The rate of cancer in all sites combined among the unexposed men in the study population was also similar to the national rate. In contrast, the testicular cancer rate among the DESexposed men was higher than the national rate. This elevation, however, did not achieve statistical significance (SIR ‫ס‬ 2.04; 95% CI ‫ס‬ 0.82 to 4.20; P ‫ס‬ .09). When the one case of germ cell tumor of the mediastinum was included in the analysis, the SIR for all germ cell cancers increased and approached statistical significance (SIR ‫ס‬ 2.23; 95% CI ‫ס‬ 0.96 to 4.40; P ‫ס‬ .058).
There were nine cases of testicular cancer diagnosed among the men in the four cohorts. Eight of the nine cases of testicular cancer were diagnosed after 1978, when the internal comparison began, and seven of the nine cancers occurred in DES-exposed men. The age range at the time of testicular cancer diagnosis in the DES-exposed men was 23-41 years; the two unexposed men who developed testicular cancer were 28 and 40 years old when they were diagnosed. None of the men in the Mayo Clinic cohort who were diagnosed with testicular cancer had a history of cryptorchidism, low birth weight, or maternal breast cancer. The mother of one man, however, had experienced vaginal bleeding during the index pregnancy. Independent review of the tissue specimens obtained from these men verified the diagnosis of testicular cancer noted in the pathology report. The testicular tumor types among the DES-exposed cases included seminoma (n ‫ס‬ 2), malignant teratoma (n ‫ס‬ 1), embryonal carcinoma (n ‫ס‬ 1), undifferentiated carcinoma (n ‫ס‬ 1), and combinations of these (n ‫ס‬ 2). 
Internal Comparison
Results of the internal comparison were similar to those for the comparison to the national rates. The unadjusted comparison of total cancer incidence among DES-exposed men with that among unexposed men indicated no association between DES exposure and total cancer risk in the entire cohort (RR ‫ס‬ 1.07; 95% CI ‫ס‬ 0.58 to 1.96; P ‫ס‬ .88). When each of the four cohorts was analyzed separately, only the DES-exposed men originating from the Mayo Clinic cohort had more than a twofold increase in overall cancer risk (Table 4 ). This increased cancer risk was not, however, statistically significant (RR ‫ס‬ 2.21; 95% CI ‫ס‬ 0.93 to 5.69; P ‫ס‬ .10).
The testicular cancer rate was also compared between DES-exposed and unexposed men (Table 4) . Because the distribution of potentially confounding factors for which there was complete information from all cohorts was essentially the same for exposed and unexposed men, only the unadjusted RR is presented. The rate of testicular cancer among the DESexposed men for all four cohorts combined was greater than that among the unexposed men (RR ‫ס‬ 3.05; 95% CI ‫ס‬ 0.65 to 22.0; P ‫ס‬ .18). This increase, however, was not statistically significant. Furthermore, it was due solely to the experience of the Mayo Clinic cohort, where the testicular cancer rate was elevated among the DES-exposed men compared with those unexposed. Again, this increase was not statistically significant (RR ‫ס‬ 4.53; 95% CI ‫ס‬ 0.63 to 107.9; P ‫ס‬ .22). Although the association between DES exposure and testicular cancer risk was essentially unchanged when controlling for pregnancy order, history of maternal breast cancer, low birth weight, or cryptorchidism, it increased when controlling for maternal vaginal bleeding during the index pregnancy (RR ‫ס‬ 5.29; 95% CI ‫ס‬ 0.70 to 128.7; P ‫ס‬ .20). While it was evident that prenatal DES exposure was not associated with the overall cancer rate, the possible association between this exposure and increased testicular cancer warranted further investigation.
An association between prenatal DES exposure and testicular cancer risk could depend on the level of exposure. Investigation of a dose-response relationship between prenatal DES exposure and testicular cancer risk for the entire study cohort, however, was not possible because the dose of DES prescribed during the index pregnancy was not consistently recorded at all of the study centers. Among those members of the Mayo Clinic cohort with consistent dose recording, however, the †Includes 41 cancers confirmed by pathology report, medical record, or death certificate and seven cancers that were reported but not confirmed. ‡Other cancer sites include one case each of oral and kidney cancers in the DES-exposed men, three cases of oral cancers, one case of bladder cancer, one case of larynx cancer, one case of soft tissue sarcoma, and one case of cancer of unknown primary site among the unexposed men.
§Person-years for DES-exposed men are from birth until last follow-up date and include follow-up conducted by individual study centers.
Person-years for unexposed men are from 1978 until last follow-up date and include follow-up conducted by individual study centers.
median DES doses for exposed men who developed testicular cancer and exposed men who did not develop testicular cancer were comparable at 12.5 and 10 mg/day, respectively. In contrast, mothers of the Dieckmann and the Horne cohort participants received considerably higher doses of DES, because the medical centers contributing to those cohorts adhered to the Smith and Smith regimen (34), which recommended a total dose of 12 g for the entire pregnancy. Thus, these data suggest that prenatal DES exposure at low doses may be associated with testicular cancer risk.
The gestational timing of DES exposure and early progestin exposure were analyzed as possible factors that might also influence testicular cancer risk. Only the Mayo Clinic and the Dieckmann cohorts consistently recorded first dates of DES exposure. Within the Mayo Clinic cohort, 388 (62.2%) of 624 DES-exposed men were exposed during the first trimester of pregnancy. When only these 388 men were considered to be DES exposed, the point estimate for the association between DES exposure and testicular cancer risk did not change, but the 95% CI was narrowed (RR ‫ס‬ 4.46; 95% CI ‫ס‬ 0.79 to 34.82; P ‫ס‬ .08). The RR remained essentially constant because one testicular cancer case and a proportionate amount of person-time shifted from the exposed to the unexposed category. Within the Dieckmann cohort, where no association between DES exposure and testicular cancer risk was observed, an even higher percentage of men, 79.6% (246 of 309), were exposed to DES in the first trimester of pregnancy. Early progestin exposure could also influence the impact of DES exposure on testicular cancer risk. When men who were exposed to both progestins and DES in the first trimester (n ‫ס‬ 138) were excluded from the analysis of DES and testicular cancer in the Mayo Clinic cohort, the association increased and achieved statistical significance (RR ‫ס‬ 5.91; 95% CI ‫ס‬ 1.05 to 46.1; P ‫ס‬ .04). The above data suggest that early progestin exposure may influence the association between DES exposure and testicular cancer. The effect of gestational timing of exposure on this association is not clear.
DISCUSSION
After 16 years of follow-up of 1365 men exposed and 1394 men not exposed to DES in utero, there is no association between prenatal exposure to DES and overall cancer risk. It is still uncertain as to whether prenatal DES exposure is associated with testicular cancer risk. The increased testicular cancer risk that was identified among DES-exposed men was limited to those men within the Mayo Clinic cohort and could thus be a chance finding. Inclusion of the testicular cancer experience among the other cohorts increased the precision of the effect estimate, but the resultant twofold to threefold increase in testicular cancer incidence still did not achieve statistical significance.
This study has several limitations. There was only a 30% power to detect a statistically significant effect with an RR of 3.21 at the .05 level because of the low frequency of testicular cancer cases and the size of the entire study population. An 80% power to detect the same effect at the .05 level would have required enrollment of 5500 men in each exposure category. It is possible that this study could have incurred a selection bias because approximately 38% of the men who qualified for the study did not participate. Consequently, the association between in utero DES exposure and cancer development may have been different if the study had had a higher overall participation rate. The overall cancer rates observed among the unexposed men in this study are similar to national cancer rates, however, and the participation rates for the DESexposed and unexposed men were also similar. It is, therefore, difficult to determine what impact, if any, nonparticipation had on the study results. While differential exposure misclassification based on disease development is possible, it is not likely, since men were identified as DES exposed before disease follow-up began. Conversely, cases were identified independently of exposure status, since both DES-exposed and unexposed men had similar participation rates and were verified in the same manner. Nonetheless, the possibility cannot be ruled out that increased detection of cancer among the DES-exposed men was because of their more vigilant surveillance.
Results in this study could possibly have been confounded by known and unknown factors. The distribution of most of the known cancer covariates was similar among the DES-exposed and unexposed men for those who provided such information. There was, therefore, little potential for confounding by these factors. DES was prescribed for threatened miscarriage, which itself could indicate developing testicular malformation. Confounding by this indication for DES is, therefore, possible. Men whose mothers experienced vaginal bleeding while pregnant with them, however, actually had a lower testicular cancer risk than men whose mothers did not experience bleeding. Consequently, the association between DES exposure and testicular cancer increased after controlling for threatened miscarriage.
The findings of this study with respect to testicular cancer are consistent with those from numerous case-control studies (13) (14) (15) (16) . These retrospective studies were limited, however, by the small number of DES-exposed cases or incomplete exposure verification. Other case-control studies also failed to identify any association between DES exposure and testicular cancer risk. Those studies, however, were conducted within populations of men that had a low prevalence of DES exposure (18) or that had not reached the age at which testicular cancer is commonly diagnosed (17) . Moreover, neither of those studies verified DES exposure by medical record review.
Maternal usage of DES, a nonsteroidal estrogen, results in elevated fetal estrogen exposure. Other pregnancy characteristics, such as older maternal age, dizygotic twin membership, birth order, and preeclampsia, have been associated with both pregnancy estrogen levels (19) (20) (21) (22) and testicular cancer risk (17, 19, (23) (24) (25) (26) (27) (28) . Given what is known about the embryologic development of the male gonad, it is biologically plausible that in utero estrogen exposure could affect adult testicular cancer risk. Estrogen receptors have been found in most fetal structural gonadal cells in males, but the levels of those receptors diminish shortly after birth (35, 36) . These cells include the Sertoli cells, which produce müllerian-inhibiting hormone (MIH), a substance that degrades the müllerian ducts, primitive female gonadal structures present in the young male fetus (37) . DES has been shown to reduce MIH activity, resulting in the incomplete breakdown of the embryologic female gonads (38) . The persisting müllerian remnants may become cancerous in adult life.
Progesterone decreases the production of estrogen receptors (39) (40) (41) (42) . Because these receptors may mediate the effect of estrogenic substances on MIH activity, exposure to exogenous progestins, which are progesterone analogues, might reduce the effect of estrogen exposure on testicular cancer risk. The data in this study lend limited support to this possibility, because excluding men exposed to both DES and progestins from the analysis increased the estimate of effect of prenatal DES exposure on testicular cancer development.
In addition to progestin exposure, levels and timing of DES exposure may affect the association between DES exposure and testicular cancer risk. On average, the men within the Mayo Clinic cohort were exposed to lower DES doses than were the men from the three remaining cohorts. That an association between DES exposure and testicular cancer risk was observed among the cohort with low but not high DES exposures is consistent with the results of an animal study where prostate abnormalities occurred in mice receiving low but not high DES doses (43) . The effect of gestational age at first DES exposure on testicular cancer risk cannot be readily explained from the current data. At least 60% of the men enrolled in the Mayo Clinic cohort were first exposed to DES in the first trimester. Paradoxically, more than 80% of the men from the Dieckmann cohort also incurred their first DES exposure in the first trimester, yet no association between DES exposure and testicular cancer risk was observed among these men. Consequently, the current study data do not clarify what influence either timing or extent of exposure has on the association between prenatal DES exposure and testicular cancer risk.
The strengths of this study include the large size of the study population, the certainty of exposure classification because of prenatal medical record review, and the prospective design of the study. To date, the results of this study indicate that in utero exposure to DES does not influence the development of most cancers in men. Whether such exposure, however, is associated with testicular cancer risk is still unclear. The association between DES exposure and testicular cancer risk observed in this study could be due to chance. These results are consistent, however, with what is known about the biology of testicular cancer, and they lend support to the hypothesis that the prenatal hormonal environment may influence the development of testicular cancer in adults. Nonetheless, it is highly unlikely that DES exposure plays a major role in the increases in testicular cancer rates that have been observed in developed countries over the past 60 years (44) . In conclusion, no increase in overall cancer risk was observed among this cohort of DES-exposed men. The men currently being followed are approaching the age at which most cancers are diagnosed. Consequently, further follow-up of this population will enable investigators to determine what cancers, if any, are affected by prenatal DES exposure.
